Introduction
Anemia is highly prevalent in chronic kidney disease (CKD), and its treatment is a key component of CKD management. Response to erythropoiesis-stimulating agents (ESAs) is largely dependent on adequacy of iron stores. In fact, intravenous (IV) administration of iron usually increases hemoglobin (Hgb) and lowers ESAs dose requirements. There is mounting evidence that pharmacological interventions aimed at increasing Hgb levels toward normal values can result in increased morbidity and mortality in patients with CKD. Consequently, the optimal Hgb target for anemia treatment in CKD has become controversial. The potential role of high doses of ESAs in the adverse outcomes from randomized clinical trials (RCT) of anemia correction in CKD and end-stage renal disease (ESRD) patients is reviewed elsewhere [1, 2] . The purpose of this article is to provide a brief overview of the potential adverse effects related to excessive use of IV iron preparations in this population.
Anemia correction in chronic kidney disease
The prevalence of anemia increases with each stage of CKD and is almost universal in ESRD. Erythropoietin deficiency and frequently coexistent iron deficiency are among the major causes of the CKDassociated anemia. In addition to the usual risk factors for iron deficiency anemia as seen in the general population, impaired intestinal iron absorption, blood loss during hemodialysis (HD), and enhanced incorporation of iron stores into Hgb by ESAs contribute to iron deficiency in the CKD and ESRD patients. Observational studies in CKD patients have consistently shown correlations between severity of anemia and the risk of cardiovascular (CV) morbidity and mortality [3] [4] [5] [6] [7] [8] [9] [10] . Based on the assumption that anemia may contribute to adverse CV outcomes, in 2006 the National Kidney Foundation (NKF) panel of the Dialysis Outcomes Quality Initiative (K/DOQI) expanded the target Hgb level from 11-12 to 11-13 g/dl for ESRD patients [11] . However, evidence has accumulated from large RCT showing no benefit or trends toward increased morbidity and mortality in CKD and ESRD patients assigned to normal or near-normal Hgb [12] [13] [14] . The potential implications were that anemia correction may have caused the adverse outcomes seen in groups assigned to higher Hgb targets. This supposition prompted a change in K/DOQI guidelines to reduce the target Hgb back to 11-12 g/dl [15] . On June 24, 2011, FDA released new warnings and prescription information/guidelines for use of ESAs in patients with CKD/ESRD which may prompt changes in future anemia treatment protocols.
Oxidative stress and inflammation play an important part in the pathogenesis of anemia by promoting ESA resistance, shortening erythrocyte life span, and limiting iron availability. CKD is invariably associated with oxidative stress and inflammation [16] . The effect of CKD is compounded by comorbid conditions, such as diabetes, hypertension, autoimmune diseases, and infections, which themselves cause oxidative stress and inflammation and are commonly present in CKD patients [17, 18] . Thus, the burden of oxidative stress, inflammation, and the severity of treatment-resistant anemia differ among CKD patients with different comorbidities. Consequently, varying ESA and iron doses may have varying effects on this heterogeneous population. While many subjects assigned to lower Hgb targets readily achieved the intended target, subjects assigned to higher Hgb levels consistently did not (21% [13, 14] . In fact, heightened morbidity and mortality were found primarily in patients whose Hgb failed to reach the designated target. In contrast, patients whose Hgb reached the target had more favorable outcomes [12, 14, 19] . Additionally, observations from patients with CKD/ESRD who maintain normal Hgb without receiving ESAs do not support a theoretical risk of normal Hgb in CKD patients [20, 21] . Assuming similar distribution of patients with oxidative stress and inflammation in groups randomized to normal and low Hgb targets in RCT, the greater adverse outcomes seen in the former than in the latter suggest the possibility that the larger doses of IV iron and ESA used to achieve higher Hgb targets are potentially culpable. Specifically in the Besarab ESRD study, subjects assigned to normal-hematocrit had increased mortality (odds ratio 2.4, P \ 0.001) if they received IV iron compared to those that did not receive IV iron. Survivors from the normal-hematocrit group received an average of 152 mg of iron dextran per 4-week period during the 6 months prior to censorship or death compared to 214 mg per 4-week period in those who died (P \ 0.001). There was no difference in the amount of IV iron received between survivors and subjects who died in the low-hematocrit group (119 mg vs. 145 mg, P = 0.36) [12] . In another RCT of HD patients, the number of subjects receiving IV iron was significantly greater in the high versus low Hgb target group (37% vs. 25%, P = 0.001) [22] . The differences in the number of subjects receiving IV iron in the CHOIR study were not statistically significant (14.5% vs. 11.9%, P = 0.15) [23] . However, this study employed CKD patients who did not require dialysis and are less likely to need IV iron. The hypothesis that the trend for increased morbidity and mortality noted in patients randomized to higher Hgb targets in RCT being caused by excessive doses of ESAs as opposed to the higher Hgb and erythrocyte mass which could not be reached in most patients has previously been reviewed [1, 2] . Since IV iron is frequently used in the treatment of anemia in ESRD, its possible contribution to adverse outcomes is reviewed here.
Intravenous iron

Iron toxicity
Iron can donate and accept electrons and exist as either ferric (Fe 3? ) or ferrous (Fe 2? ) iron. Although, this property facilitates many biochemical and biological functions, catalytically active free iron can cause oxidative stress, tissue injury, and dysfunction which are normally prevented by tight regulation of intraand extracellular iron. While most circulating iron is bound to transferrin as ferric iron, a minute quantity of non-transferrin-bound iron (NTBI) is weakly bound to negatively charged molecules. There is also an intracellular iron pool that is not bound to ferritin and is available for incorporation in iron-containing proteins or electron transfer reactions [24] . Through the Haber-Weiss reaction
À Þ, poorly liganded iron produces hydroxyl radical which is a highly reactive free radical capable of causing oxidative injury [25] . In fact, the magnitude of iron overload in patients with hereditary hemochromatosis correlates with the extent of nucleic acid oxidative damage [26] . A detailed review of the other diseases believed to be mediated by iron-dependent oxidative stress has been presented elsewhere [27] .
Metabolism of intravenous iron preparations
IV iron is used to manage anemia in CKD/ESRD when repletion fails with oral supplementation. IV iron is prepared as ferric iron with one of several carbohydrate complexes. Available preparations in the US include iron dextran, iron sucrose, and iron gluconate. The iron complexes are initially processed in the reticuloendothelial system (RES), where phagocytes liberate iron to be stored in ferritin or released back to the circulation as transferrin-bound iron for transport to various tissues ( Fig. 1) . Administration of supratherapeutic doses of IV iron in animals has been shown to raise bone marrow and hepatic iron contents [28] . IV iron infusion with various formulations in humans results in an early increase in transferrin saturation, total serum iron, and NTBI levels followed by an increase in ferritin levels several days later [29, 30] . However, some iron can bypass the RES and directly bind to transferrin [31] with the potential for oversaturation and creation of a labile, reactive pool of NTBI (Fig. 1) . In vitro studies estimate that up to 6% of IV iron bypasses RES processing [32] .
The concern for toxicity stems from the NTBI as a potential source of labile iron causing toxicity through iron-dependent redox reactions. Hepatoma cells (non-RES cells) exposed to IV iron preparations demonstrate increased uptake of NTBI [33] . This could either increase intracellular radical formation or increase extracellular NTBI available for redox reactions due to impaired uptake of transferrin-bound iron by iron-overloaded cells. A recently introduced IV iron formulation has undergone some investigation in this context. Ferumoxytol contains iron oxide coated with polyglucose sorbitol carboxymethylene. Compared to iron sucrose or iron gluconate, ferumoxytol has been shown to result in a lesser rise in free iron level in HD [34] and CKD patients [35] and cause less cytotoxicity in cultured cells and in experimental animals [36] . However, its effects on oxidative stress and endothelial dysfunction have yet to be evaluated in ESRD. Furthermore, ferumoxytol has been reported to cause rare episodes of hypersensitivity and hypotension [37] .
Adverse effects of excessive use of IV iron preparations
Overall concerns
The leading causes of mortality in ESRD are CV disease and infection [38] . Endothelial injury and dysfunction, which are mediated by oxidative stress and inflammation, are critical steps in the pathogenesis of atherosclerosis and CV disease. This is followed by microbial infections that are due to impaired immune
responses and constitute the second most common cause of death in the ESRD population. A brief overview of the possible contributions of excessive use of IV iron preparations to the pathogenesis of these adverse outcomes is provided below.
Oxidative stress
The pro-oxidant capacity of iron has been demonstrated along the spectrum of isolated cells to human studies in CKD and ESRD patients resulting in lipid, protein, and nucleic acid oxidation. Iron dextran, iron gluconate, and, to a lesser extent, iron sucrose increase malondialdehyde (MDA) levels in the renal cortical tissue [39] . In healthy subjects, IV iron acutely increases superoxide production [40] , and in ESRD patients, intradialytic IV iron sucrose increases plasma MDA concentration [41, 42] . IV iron dextran given on non-HD days to ESRD patients was shown to increase serum concentration of esterified isoprostanes for several hours [43] . A randomized study in HD patients showed that IV iron administration can raise plasma oxidized DNA and advanced protein oxidation products [44, 45] . Such findings are not limited to ESRD as infusion of IV iron increases plasma MDA levels in CKD patients [46] .
Endothelial dysfunction
Endothelial dysfunction is mechanistically related to oxidative stress and CKD patients exhibit both. Asymmetric dimethyl arginine (ADMA) is an endogenous inhibitor of endothelial nitric oxide synthase (eNOS), which is the major source of nitric oxide. ADMA level is increased and its elevated level is associated with increased CV events in ESRD patients [47, 48] . ADMA is degraded by dimethylarginine dimethylaminohydrolase (DDAH) whose expression is reduced by oxidative stress. Oxidative Fig. 1 Metabolism of intravenous iron preparations. IV iron complexes are taken up from the circulation by cells of the reticuloendothelial system (RES). Intracellular phagocytes process the complexes and deliver iron to intracellular ferritin stores or extracellular transferrin. IV iron infusions increase total and transferrin-bound iron, as well as ferritin and nontransferrin-bound iron. IV formulations can deliver a small amount of iron directly to transferrin without being processed in the RES. There is concern that oversaturation of transferrin results in increased extracellular iron bound to negatively charged compounds and is accessible for generation of free radicals via the Fenton/Haber-Weiss reactions. There is further concern that there is uptake of iron into non-RES cells that can (1) potentially generate intracellular free radicals and (2) limit the accessibility transferrin-bound iron to be taken up into cells. RES reticuloendothelial system, NTBI non-transferrinbound iron, LIP labile iron pool stress-induced reduction in DDAH activity is the primary cause of ADMA accumulation in CKD [49] . In vitro and in vivo studies have demonstrated the association of elevated iron levels with endothelial injury and dysfunction. For instance, IV iron preparations (particularly iron sucrose) inhibit proliferation and promote apoptosis in cultured endothelial cells [50] . Infusion of iron sucrose in healthy subjects is shown to increase NTBI and ROS production and cause acute impairment of endothelium-dependent flow-mediated vasodilation [40] (Table 1) . However, intra-arterial injection of iron sucrose did not significantly change acetylcholine-induced increase in forearm blood flow in peritoneal dialysis patients [51] . A cross-sectional study in HD patients showed a direct association between carotid artery thickness and the cumulative dose of IV iron and plasma ferritin level. After adjusting for age and smoking status, dose of elemental iron remained a predictor of increased carotid artery media thickness [52] . These findings suggest a role of catalytically active iron in the pathogenesis of endothelial dysfunction which is the primary step in the pathogenesis of arteriosclerosis and CV disease. This is further supported by the observation that administration of the iron chelator deferoxamine improves endothelial function in patients with coronary artery disease [53] . Inflammation IV iron preparations can promote inflammation via oxidative stress-dependent and oxidative stress-independent manners. Baseline elevations in both ferritin and C-reactive protein have been associated with greater increases in oxidative stress in response to IV iron infusion in HD patients, suggesting that presence of inflammation amplifies the oxidative response to iron administration [45] . However, the interpretation of the systemic effects of IV iron may be confounded by the fact that serum ferritin may reflect either iron storage status or the underlying inflammation as an acute phase reactant.
IV iron increases plasma and tissue levels of monocyte chemotactic protein-1 (MCP-1), a major pro-inflammatory mediator, in mice [54] , and can cause significant but transient increases in plasma MCP-1 level in CKD patients. Repeated infusion results in a lower peak but a more persistent elevation [55] . It should be noted, however, that treatment of anemia with coadministration of IV iron with ESAs in iron-deficient ESRD patients can actually ameliorate inflammation and oxidative stress [56] .
Immune dysfunction
Infection is the second leading cause of mortality in ESRD patients [38, 57] . Moreover, by promoting inflammation, infection can contribute to accelerated atherosclerosis and CV disease [58] . Presence of NTBI has been shown to result in increased iron uptake by lymphocytes and impaired lymphocyte proliferation [59] . Since lymphocytes are poorly equipped to sequester iron in ferritin, excess iron delivered from hydrophilic chelates can be toxic for these cells and may, in part, account for immune dysfunction in iron-overloaded patients. High doses of IV iron preparations can impair phagocytic activity and reduce hydrogen peroxide production capacity and microbial killing capability of polymorphonuclear leukocytes [60, 61] . Incubation of peripheral blood leukocytes in media containing therapeutic concentrations of IV iron induces time-dependent increases in intracellular ROS and diminished CD4? lymphocyte survival [62] . The adverse effects of Iron sucrose 100 mg 9 1, NAC 600 mg po bid 9 1 week, then iron sucrose 100 mg 9 1 versus iron sucrose 100 mg 9 1, no intervention 9 1 week, then iron sucrose 100 mg 9 1 Randomized crossover study Between group difference in pre/post-infusion urine protein/creatinine ratio Greater increase in urine protein/ creatinine after iron sucrose (P = 0.002) n = 12 subjects with stage III or IV CKD 100 mg IV iron sucrose then 100 mg IV ferric gluconate (7 days later) versus 100 mg IV ferric gluconate then 100 mg IV iron sucrose (7 days later)
Greater increase when iron sucrose administered first (P \ 0.01)
NAC N-acetyl cysteine, GFR glomerular filtration rate, MDA malondialdehyde, NAG N-acetyl-b-D-glucosaminidase excess iron on lymphocytes are most likely mediated by intracellular oxidative stress which can lead to lysosomal and mitochondrial membrane destabilization and apoptosis [63] .
Renal function
As yet dialysis independent CKD patients are occasionally treated with IV iron when oral iron fails to restore iron stores. This raises the concern that IV iron may accelerate progression of renal disease by intensifying oxidative stress. In this context, incubation of isolated mouse and human tubular epithelial cells in media with different IV iron preparations has been shown to induce marked lipid peroxidation and cell death. Among the studied compounds iron sucrose induced the greatest cell injury and intracellular iron accumulation [39, 64] . Additionally, studies in CKD patients (Table 2 ) have shown marked increases in urinary excretion of lipid peroxidation products, N-acetyl-glucosaminidase, fragmented and carboxylated albumin, and MCP-1 following administration of IV iron compounds [46, [65] [66] [67] . However, differences existed depending on the type of IV iron used. Prospective studies with renal function as an outcome are required to fully address this.
Conclusions
Managing anemia in CKD/ESRD patients remains an important but controversial aspect of clinical care. Clinical trials have shown increased morbidity and mortality in patients assigned to the higher Hgb targets. Although, higher doses of ESAs have been considered as a potential cause of the adverse outcomes, the contribution of IV iron has not been fully addressed. While IV iron is highly effective in repleting iron stores, its excessive use in pursuit of high Hgb targets can be hazardous. As noted in this review, by promoting oxidative stress catalytically active iron can promote inflammation, cardiovascular disease, immune dysfunction, and progression of renal disease. It should be noted that the adverse effects of iron overload, oxidative stress, and inflammation are chronic and insidious in nature; clinical trials of IV iron preparations have been of relatively short-term durations. Therefore, long-term RCT are required to explore the effects of IV iron on outcomes in CKD and ESRD populations. In addition, the recent release of FDA new warnings for the use of ESAs may potentially have an unintended consequence of higher use of IV iron. Thus, it is imperative to aware the potential adverse effects of iron overdose and to excise caution with the use of IV iron preparations. accounting for morbidity and treatment variables updated over time. 
